In reptiles, dorsal body darkness often varies with substrate color or temperature environment, and is generally presumed to be an adaptation for crypsis or thermoregulation. However, the genetic basis of pigmentation is poorly known in this group. In this study we analyzed the coding region of the melanocortin-1-receptor (MC1R) gene, and therefore its role underlying the dorsal color variation in two sympatric species of sand lizards (Liolaemus) that inhabit the southeastern coast of South America: L. occipitalis and L. arambarensis. The first is light-colored and occupies aeolic pale sand dunes, while the second is brownish and lives in a darker sandy habitat. We sequenced 630 base pairs of MC1R in both species. In total, 12 nucleotide polymorphisms were observed, and four amino acid replacement sites, but none of them could be associated with a color pattern. Comparative analysis indicated that these taxa are monomorphic for amino acid sites that were previously identified as functionally important in other reptiles. Thus, our results indicate that MC1R is not involved in the pigmentation pattern observed in Liolaemus lizards. Therefore, structural differences in other genes, such as ASIP, or variation in regulatory regions of MC1R may be responsible for this variation. Alternatively, the phenotypic differences observed might be a consequence of non-genetic factors, such as thermoregulatory mechanisms.
Introduction
Color pattern in animals has long attracted the attention of evolutionary biologists. Major questions on the mechanisms that generate such patterns depend on knowledge of the genetic basis underlying this trait, i.e., the connection between genotype and phenotype. The pigmentation system is also affected by selective forces such as crypsis, aposematism, thermoregulation and sexual signaling, which drive its variation (Hoekstra, 2006) .
Most studies on animal pigmentation have focused on the melanin system, in which specialized cells (melanocytes) produce either black/brown (eumelanin) or yellow/ red (pheomelanin), primarily regulated by the melanocortin-1 receptor (MC1R) (Skoglund and Höglund, 2010) .
With some exceptions, melanism involves the MC1R gene, which encodes the melanocortin-1 receptor (Mundy, 2005; Vidal et al., 2010) . Not surprisingly, several amino acid substitutions have been associated with pigmentation phenotypes (either dark or light) in a large number of vertebrate species, including birds (Theron et al., 2001; Ling et al., 2003; Doucet et al., 2004; Mundy et al., 2004; Mundy, 2005; Baião et al., 2007; Uy et al., 2009 , Vidal et al., 2010 , reptiles (Rosenblum et al., 2004 (Rosenblum et al., , 2010 and mammals (Kijas et al., 1998; Vage et al., 1999; Ritland et al., 2001; Eizirik et al., 2003; Hoekstra and Nachman 2003; Mundy and Kelly, 2003; Nachman et al., 2003; Hoekstra et al., 2006; McRobie et al., 2009) . However, in other cases MC1R does not seem to be involved in color differences, for example, amphibians (Herczeg et al., 2010) , reptiles (Rosenblum et al., 2004) , birds (MacDougall-Shackleton et al., 2003; Cheviron et al., 2006) and mammals (Mundy and Kelly, 2003; Hosoda et al., 2005; Wlasiuk and Nachman, 2007; Loehr et al., 2008; Anderson et al., 2009; Ayoub et al., 2009; Gonçalves et al., 2012) . This suggests that other candidate loci are responsible for the coloration, such as the MC1R antagonist Agouti signaling protein (ASIP). In reptiles, melanophores produce mainly eumelanin, and the concentration of granules within these cells determines the overall coloration (Rosenblum et al., 2004) . In general, specimens appear lighter when pigment is concentrated, and darker when it is dispersed through the cells. Thus, the MC1R activity might affect only the amount of melanin produced. Accordingly, changes in the production and dispersion of melanin granules are ultimately responsible for changes in the dorsal color (Rosenblum et al., 2004) . Dorsal body darkness in reptiles often varies with the substrate color or temperature of the environment, and is generally presumed to be an adaptation for crypsis or thermoregulation (Kettlewell, 1973) . Coloration affects visibility to avian predators, so natural selection for substrate matching is predicted to be strong for diurnal reptiles (Norris, 1965) . Pigmentation also impacts thermoregulation because darker reptiles are able to warm faster and maintain higher body temperatures (e.g., Bittner et al., 2002) . Geographical variation in dorsal color is frequent in reptiles (Majerus, 1998) and selective pressures may be involved (Robertson and Rosenblum, 2009) .
Liolaemus is placed in a broadly diverse family of lizards (Liolaemidae) and includes more than 200 species (Etheridge, 2000) . In general, members of this genus occur in several habitats, particularly extensive areas of sand dunes, including the coasts of Chile, Argentina, Uruguay, and southeastern Brazil (Silva and Verrastro, 2007) . Additionally, they occupy inland dune systems scattered throughout Argentina and Chile. The genus is characterized by striking ecological versatility, with often conspicuous cryptic color patterns (Etheridge, 2000; Silva and Verrastro, 2007) . In this study we have focused on two species: Liolaemus occipitalis and L. arambarensis. The former is restricted to coastal sand dunes in the states of Santa Catarina (SC) and Rio Grande do Sul (RS) in southern Brazil. It has a cryptic light-colored pattern that exactly matches the pale background substrate (Bujes and Verrastro, 2006) ( Figure 1A-B) . Liolaemus arambarensis is endemic to a narrow area of inland dunes around Patos Lagoon in southern Brazil (Silva and Verrastro, 2007) . Its pigmentation is brownish, and the habitat is also markedly darker; therefore this species also shows a cryptic color pattern (Verrastro et al., 2003; Bujes and Verrastro, 2006) (Fig 1C-D) . These species are members of the wiegmannii group (Verrastro et al., 2003) .
In this study, we examined the MC1R sequence variation in L. occipitalis and L. arambarensis lizards. Our main question was whether the light and dark phenotypes of these species are caused by changes in the MC1R coding region. Additionally, we addressed whether similar sequence variations are responsible for population differences in color.
Material and Methods
A total of 77 samples were collected across the distributional range of both species; 50 individuals of L. occipitalis (Loc) and 27 of L. arambarensis (Lar) ( Table 1) . Primers were designed for the MC1R coding region amplification based on the sequence of Phrynosoma platyrhinos (AY586114). Polymerase chain reaction (PCR) amplification was surveyed using the primer pair MC1R_F 220 5'-TACTACTTCATCTGCTGCCTGGC-3' and MC1R_R 870 5'-GCATAAATGATGGGGTCCAC-3', under the following conditions: initial denaturation at 94°C for 3 min, 30 s at 94°C, 45 s at 61.5°C, and 60 s at 72°C (30 cycles), followed by a final 5-min extension period at 72°C. PCR products were sequenced directly with the amplification primers, using an ABI3730 automatic sequencer (Applied Biosystems). Putative heterozygous sites were identified by visual inspection of the chromatograms, and confirmed by sequencing the complementary strand. The sequences were deposited in GenBank under accession numbers JF825310-JF82538. Amino acid sequences were aligned and translated using BIOEDIT v. 7 (Hall, 1999) .
Standard variation parameters such as number of variable sites and haplotypes, haplotype diversity and nucleotide diversity were calculated using DNASP v. 5 (Librado and Rozas, 2009). We tested for evidence of selection at MC1R by calculating Tajima's D statistic and Fu's neutrality test (F S ) using ARLEQUIN 3.1 (Excoffier et al., 2005) . Intraspecific genealogy based on network inference of haplotypes were reconstructed by NETWORK 4.6 (Bandelt et al., 1999) using the median joining approach.
Results
A total of 630 bp of the coding region of the MC1R gene was investigated, which includes all previously known sites involved in color variation in other reptiles, and also most of those mutations identified in other vertebrates. Twelve nucleotide polymorphic sites were observed, which resulted in four amino acid changes (Table 1) .
The substitution at amino acid site 88, from Glu > Ala, occurred in 11 individuals of L. occipitalis (Table 1) . Seven polymorphic sites were variable among the light haplotypes, whereas two sites were variable among the dark haplotypes ( Table 1 ). The ratio of variant to invariant sites was significantly different between light and dark alleles (7/630 and 2/630, Fisher's exact test, p < 0.01). The mean level of nucleotide diversity among light alleles (p = 0.0025) was higher than the nucleotide diversity among dark alleles (p = 0.0006) ( Table 2) . We did not observe any predicted protein sequence that was unique for each species. The Tajima's D statistic, a measure of the relationship between the number of segregating sites and nucleotide diversity, indicated non-significant results (D = 0.981, p > 0.01) ( Table 2 ). Fu's F S test of neutrality is a method to further evaluate the polymorphic patterns under population growth and genetic hitchhiking. The values were not statistically significant for these sand lizards (p > 0.01), i.e., there was no deviation from neutrality (Table 2). In total, 12 haplotypes were observed: 9 in Liolaemus occipitalis (H1-H9; Table 1 and Figure 2 ) and 3 in L. arambarensis (H10-H12; Table 1 and Figure 2) , none of them were shared between species. The H1 showed the highest frequency, and was distributed through the range of L. occipitalis (Figure 2A) . In L. arambarensis the most frequent haplotype was H10, which was also present in all three populations of these species (Figure 2A ). All other haplotypes showed low frequencies in both taxa.
Discussion
Contrary to expectations, a straightforward relationship between variation in MC1R and color phenotypes could not be denoted in the two species of Liolaemus studied here. No common amino acid replacement was found exclusively in the dark-colored morph, although unique nucleotide polymorphisms were observed. Moreover, previously known amino acid replacements that are associated with dark-colored phenotypes in other lizard species were not identified in these species. For example, in the Eastern Fence Lizard (Sceloporus undulatus), Little Striped Whiptail (Aspidoscelis inornata) and Lesser Earless Lizard (Holbrookia maculata), single-point mutations for amino acids 168, 170 and 208, respectively, are strongly associated with the degree of melanism (Rosenblum et al., 2004; . Nevertheless, we did not detect any association between the amino acid variation at MC1R and the range of darkness in sand lizards.
The ratio of nonsynonymous and synonymous substitution (dN/dS) is widely used to test the selective neutrality of protein coding genes. Most nonsynonymous substitutions are eliminated from populations by purifying selection (Nakayama et al., 2008) . However, we did not observe any nonsynonymous substitutions associated with the differing color phenotypes in sand lizards in the sequence region of MC1R. Despite the high diversity of sites in MC1R that are potentially associated with changes in color, there is no detectable pattern of which sites are responsible for changes, either among species of the same group or between groups of sand lizards in our analysis. Previous studies of reptiles have found species with polymorphism in coloration and association with the MC1R gene, and also species that did not show such an association (Rosenblum et al., 2004) , as well as no detectable changes in the function of the receptor (Rosenblum et al., 2010) . In species in which changes in the gene were associated with the light/dark color, a single site of the protein was found to be responsible. In other taxa such as birds and mammals (except for some cases in which the same site of the protein is responsible for light/dark alterations in different species), many substitutions are found in only one species, i.e., there is no consistent pattern of sites responsible for the formation of a particular phenotype (e.g., tuco-tucos; Gonçalves et al., 2012) . The existence of different molecular bases for the same phenotype in two different taxa provides strong evidence for convergent phenotypic evolution on a relatively short time scale . Different sites can be responsible for similar effects. However, previous studies that included 3D modeling have indicated certain regions of the protein as the most likely replacements, 84 Corso et al. Whereas for some reptiles gene activity is altered by the influence of the mutation in the MC1R gene, in others such as sand lizards, different genetic variations may influence the phenotype, e.g., at downstream regulatory regions of the MC1R. The results of this study encourage further analysis of the MC1R and the factors that regulate the expression of the gene.
Our study did not include analysis of noncoding regions (promoter region and 3' untranslated region) of the MC1R gene. Recently, mutations in regulatory regions have been proposed as a fine-tuning mechanism, because mutations in specic cis-regulatory elements may alter the expression of a protein in particular tissues, while preserving expression in others (Hoekstra, 2006; Nakayama et al., 2008) . However, all known mutations in the MC1R gene, many of which are adaptive, occur in the coding region, either as amino acid changes or as small deletions (reviewed by Hoekstra, 2006; Majerus and Mundy, 2003) . Thus, the investigation of the noncoding region of MC1R and the other genes associated with pigmentation may be another way to understand the development of light/dark color in reptiles, and should be further analyzed in Liolaemus lizards.
In reptiles, the development of light/dark phenotypes might be a result of adaptation to different environments (Rosenblum, 2005) . Melanism has evolved repeatedly in vertebrates, likely driven by both natural and sexual selection, so at the polymorphism level, the MC1R shows nonneutral evolution (Hoekstra, 2006; Nakayama et al., 2008) . First, consider that melanism is the occurrence of individuals that are darker in pigmentation, either as polymorphisms within species or as consistent variation between closely related species (True 2003) , in which sexual selection is the most likely (Clusella-Trullas et al., 2008) . Moreover, in general, melanistic diurnal species inhabit cooler areas than do lighter-colored ones, where an adaptation to cold climates could be involved. In addition, a trade-off between melanism and body size has been suggested, as well as a co-evolution of color, behavior and physiology (Clusella-Trullas et al., 2008) . Although the thermal-melanism hypothesis seems plausible, only a few investigators have provided data supporting data (Clusella-Trullas et al., 2008) . Hence, we suggest that their habitats may possibly influence the species of Liolaemus studied here, with wider seasonal temperature variations in the continental than in coastal areas. Liolaemus arambarensis, which lives in in- land regions, might have developed a greater degree of melanization as a thermal-adjustment mechanism. On the other hand, L. occipitalis, which occurs in the coastal dunes, i.e., near the ocean and with narrower temperature ranges, has a lesser degree of melanization. It is known that temperature influences the melanocyte-stimulating hormone that affects melanin dispersion (Stuart-Fox and Moussalli, 2009) . Other studies have shown how visual characteristics, such as shape, contrast, texture and edges of background objects influence the type of camouflage pattern adopted by a species (Zylinski et al., 2009; Stuart-Fox and Moussalli, 2009 ). In summary, we ruled out the existence of mutations in the MC1R gene that can be directly linked to the phenotypes observed in Liolaemus. In other words, there is no single pattern of change in MC1R that is responsible for variation in the light and brownish phenotypes of the lizard species studied.
Furthermore, a vast range of possibilities may lead to variation in color, illustrating the complex interaction of factors and mechanisms that may be involved in pigmentation phenotypes in reptiles. This complexity highlights the necessity to search for other processes underlying color variation in Liolaemus lizards.
